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Abstract 
This paper presents a numerical study of the flow topologies of three-dimensional (3D) flows in a high pressure compressor 
stator blade row without and with boundary layer aspiration on the hub wall. The stator blade is representative of the first stage 
operating under transonic inlet conditions and the blade design encourages development of highly complex 3D flows. The blade 
has a small tip clearance. The computational fluid dynamics (CFD) studies show progressive increase of hub corner stall with the 
increase in incidence. Aspiration is implemented on the hub wall via a slot in the corner between the hub wall and the suction 
surface. The CFD studies show aspiration to be sensitive to the suction flow rate; lower rate leads to very complex flow struc-
tures and increased level of losses whereas higher rate renders aspiration effective for control of hub corner separation. The flow 
topologies are studied by trace of skin friction lines on the walls. The nature of flow can be explained by the topological rules of 
closed separation. Furthermore, a deeper analysis is done for a particular case with advanced criterion to test the non-degeneracy 
of critical points in the flow field. 
Keywords: high pressure compressor; flow topologies; three-dimensional flows; boundary layer aspiration; tip clearance 
1. Introduction1 
Boundary layer aspiration can be applied in the re-
gions of flow separations where the boundary layer 
fluid tends to accumulate due to adverse pressure gra-
dients. Aspiration has been shown to increase blade 
diffusion capacity, pressure rise capability of the tur-
bomachine cascades, better flow deviation profiles and 
decrease aerodynamic blockage. A plethora of litera-
ture is available that shows the scope and application 
of aspiration in fans and compressors of gas turbines. 
An experimental investigation of the use of bound-
ary layer control on the rotating blade row of the com-
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pressor was carried out in Ref. [1]. 5 out of 23 blades 
of an existing rotor designed to achieve a pressure ra-
tio of 1.6 at a tip speed of 365 m/s are modified with 
suction scoops to bleed the blade boundary layer at the 
shock impingement location. Little difference is ob-
served in the performance at design conditions, but at 
lower mass flow the modified blades show an increase 
in turning and higher static pressure ratio. This im-
provement was attributed to thinner boundary layers 
due to aspiration. Another beneficial effect observed is 
the delay in rotor stall.  
Merchant, et al. [2-3] have designed a high speed as-
pirated compressor stage to achieve a total pressure 
ratio of 3.43 at a tip speed of 457 m/s. This design is a 
substantial increase in the pressure ratio achieved by 
conventional compressors typically between 2.0 to 2.3 
close to the maximum loaded operations.  
While noteworthy progress has been made in ex-Open access under CC BY-NC-ND license.
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perimental and numerical studies of aspiration to im-
prove the performance characteristics of compressors, 
there is high-energy expenditure associated with higher 
quantities of suction flow rate. It is required to opti-
mise aspiration strategies to reduce the suction flow 
rates. This may be achieved by optimising the blade 
geometries as shown by Dang, et al. [4] and by better 
implementation of flow control by study of flow to-
pologies as shown by Gbabedo, et al. [5]. 
The focus of this paper is to study the influence of 
aspiration on the performance characteristics of the 
blade and analyse the flow topologies associated without 
and with hub aspiration. Advanced analysis is per-
formed by application of the non-degeneracy criterion 
developed by Surana, et al. [6-7]. 
2. Non-degeneracy Criterion 
Surana, et al. [6-7] have derived an exact non-linear 
theory of three-dimensional (3D) separations and 
attachments of boundaries at rest in steady flows. In 
their theory, they obtain rigorous criterion for the 
separation points and the separation lines on fixed no 
slip boundaries in compressible flows. They link sepa-
ration to the existence of unstable manifolds emanating 
from the no slip boundary. These manifolds are mate-
rial curves or surfaces that collect and eject fluid parti-
cles from the vicinity of the boundary. 
Such instabilities are identified as four types of lo-
cally unique separation lines possible in physical fluid 
flows: 
1) saddle-spiral connections; 
2) saddle-node connections; 
3) saddle-limit cycle connections;  
4) limit cycles. 
Separations 1) and 2) are known as closed separa-
tions; separations 3) and 4) are known as open separa-
tions. 
The rigorous criterion of separation and attachment 
deduced by Surana, et al. [6-7] that serves as necessary 
and sufficient conditions for the points and streamlines 
on the boundary to qualify as separation or attachment 
lines (unstable and stable manifolds) is presented.  
In the Cartesian coordinates (x, y, z) on a boundary 
z=z0, a point p is a separation point if and only if  
, 0, det( ) 0p p p= < >⋅0τ τ τ∇ ∇      (1) 
where τp stands for the skin friction vector tangent to 
the wall. 
In Eq. (1) the first term represents the zero value of 
skin friction vector, the second term is the divergence 
of the skin friction vector and the third term is the de-
terminant of the matrix (gradient of skin friction vec-
tor). The above conditions imply that p is either a sta-
ble node or a stable spiral (focus) of the wall shear 
(skin friction) field.  
Similarly, a point p is an attachment point if and 
only if  
 
, 0, det( ) 0p p p= > >⋅0τ τ τ∇ ∇      (2) 
That is, p is either an unstable node or an unstable 
spiral (focus) of the wall shear (skin friction) field.  
Furthermore, a line L is a separation line if and only 
if 
(1) The line originates from a saddle point p with 
∇⋅τp<0 and ends at a stable spiral node (focus) q with 
∇⋅τq<0. 
(2) The line originates from a saddle point p with 
∇⋅τp<0 and ends at a stable node q with ∇⋅τq<0.  
Similarly, a line L is an attachment line if and only if 
(3) The line originates from a saddle point p with 
∇⋅τp>0 and ends at a stable spiral node (focus) q with 
∇⋅τq>0. 
(4) The line originates from a saddle point p with 
∇⋅τp>0 and ends at a stable node q with ∇⋅τq>0. 
3. Baseline Stator Blade 
For the present study, a 2D baseline stator blade is 
designed that has to meet several geometric restrictions 
imposed by the test rig at Ecole Polytechnique de 
Lausanne (EPFL) on which the cascade is studied ex-
perimentally (see Figs. 1-3). In Fig. 1, LE and TE 
stand for leading edge and trailing edge respectively. 
 
Fig. 1  2D section of baseline stator blade. 
 
Fig. 2  Computer aided design model of stator blade row. 
 
Fig. 3  Convergent flow path of stator blade (meridional 
section). 
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The test conditions can be found in Ref. [8]. The 
blade has a radial tip clearance of 0.5 mm, maximum 
thickness at about 0.5cx to make room for internal as-
piration cavities, where cx is the axial blade chord. In 
the test rig, the stator blade remains stationary and the 
tip clearance vortex emanating from the tip clearance 
region is not migrated towards the neighbouring blades 
as in a conventional rotor. The casing line is fixed by 
the overall architecture of the test rig; accordingly the 
blade height is constrained. These constraints result in 
aspect ratio (AR) values significantly lower than unity 
causing to the stronger endwall effects to be developed. 
Based on the sensitivity studies of aerodynamic per-
formance and the operating range, a stator blade row 
with blade count of 18 is frozen as the baseline stator 
blade row. The inlet and exit blade angles present a 
stronger curve profile that may lead to stronger flow 
separations on the suction surface. With the blade 
count of 18, the blade row solidity is 1.14; higher so-
lidity enables higher blade turning and thus increases 
the pressure rise in the hub and suction surface corner. 
4. Computational Methodology 
A structured multi-block mesh is created on the 
baseline stator geometry with commercial meshing 
software AUTOGRID (see Figs. 4-5). The structured 
mesh contains 1.5×106 cells with wall function y+~1. 
The aspiration cavity at the hub is found to overlap the 
hub mesh plane as the Chimera technique has been 
used to join the aspiration cavity block with the exist-
ing grid of the baseline configuration. The Chimera 
method enables discretization of flow equations in 
grids composed of overset grids. The technique con-
sists in introducing overlapping boundary conditions 
and also masking conditions around solid areas, which 
influence the overlapped grids. The cavity grid over-
lapping the hub grid plane is a structured “H” grid 
defined with 65×45×41 cells. The baseline stator 
computational studies were carried out without the 
grid of the aspiration cavity, i.e., smooth endwall. 
 
Fig. 4  2D section of mesh with aspiration slot. 
 
Fig. 5  Mesh with aspiration cavity. 
The computational fluid dynamics (CFD) code used 
to carry out computational studies is elsA (developed 
by ONERA). The flow equations are solved by a 
cell-centred finite volume method, using second order 
centred space discretization scheme. Centred schemes 
are stabilized by scalar or matrix artificial dissipation, 
including damping capabilities inside viscous layers. 
The semi-discrete equations are integrated by multi-
stage Runge-Kutta schemes with implicit residual 
smoothing. The turbulence model chosen for this study 
is Launder Sharma k-ε model. More information on the 
solver can be found in Ref. [9]. The methodology in-
volves instructing the solver to run steady flow com-
putations by the object-oriented programming ap-
proach. The initial computations are carried out using 
the Spalart-Allmaras turbulence model to ensure the 
robustness of the calculations. The partially solved 
flow field is relaunched with the k-ε turbulence model 
where an additional turbulent variable is added to the 
flow field using Bradshaw hypothesis. The calcula-
tions were run on the supercomputer NEC SX-6 and a 
converged solution is obtained in 6 000 to 10 000 itera-
tions consuming CPU time equivalent of 8 h to 10 h. 
5. Results and Discussion 
5.1. Quantitative analysis 
The results of the baseline stator blade without as-
piration are compared to those of the blade with aspi-
ration to study the influence of hub aspiration on the 
performance characteristics, i.e., the total pressure loss 
coefficient and the flow deviation. Fig. 6 shows the 
influence of hub aspiration on the total pressure losses 
of the stator blade row. The total pressure loss coeffi-
cient ϖ  is calculated as 
hub flowpathϖ ϖ ϖ= +              (3) 
hub 1 hub hub 1 2
1 1
T T T T
2 2
S 1 S 1
100
100 100
2 2
q qC p p C p p
p Ma p Ma
ϖ γ γ
− − −= +⋅ ⋅  
(4) 
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where pT and pS are the total and static pressure re-
spectively; the subscripts 1 and 2 stand for the up-
stream and downstream conditions; Ma is the Mach 
number; γ is the ratio of specific heats and 
hubqC  is the 
mass flow coefficient extracted from the slot at the hub 
wall. Eqs. (3)-(4) of ϖ  allow accounting for the loss 
in the core of the flow transported with the massflow 
exiting the cascade (1−0.01
hubqC ), and the mechanical 
energy exiting the slot and also the energy loss of the 
downstream flow, with the massflow (0.01
hubqC ). In 
Fig. 6, α is the upstream flow angle with respect to the 
axial direction. 
 
Fig. 6  Total pressure loss coefficient. 
The total pressure loss coefficient is seen to increase 
with hub aspiration, 
hub
0.01qC =  over the baseline 
stator blade row after α =62°. However, the values of 
total pressure loss coefficient obtained from hub aspi-
ration, 
hub
0.01qC =  closely match those of the base-
line stator blade row with smooth endwall. This indi-
cates that hub aspiration, 
hub
0.01qC =  is not efficient 
to control the flow separation and the resulting losses 
in the blade row.  
There is a significant decrease in total pressure loss 
coefficient with hub aspiration, 
hub
0.02qC =  over the 
entire operating range of the cascade. The decrease in 
losses is higher with the increase in the inlet flow an-
gle. This indicates efficiency of the aspiration strategy 
with increased flow rate to control stronger flow sepa-
rations with increasing inlet flow angles.  
With hub aspiration, 
hub
0.02qC =  the total pressure 
loss coefficient reduction over the baseline case with 
smooth endwall is 9.7% at α =60°, 16% at α =63° and 
12.5% at α =65°. This indicates that the maximum 
gain is derived from the present aspiration strategy not 
at the design point with lower losses neither at the 
highest loss point with stronger flow separations but 
somewhere in between at the intermediate point. 
From Fig. 7(a) at α =63°, the flow deviation is ap-
preciably increased over the blade span when 1% of 
the inlet massflow is aspirated, and conversely the 
flow deviation is appreciably reduced when 2% of 
inlet massflow is aspirated. The reduction is highest at 
30% span as the flow deviation is reduced by 2° as 
compared to the baseline. The zone of flow reversal on 
the suction surface resulting from the radial displace-
ment of flow on the suction surface by the crossflow is 
suppressed as the flow is aspirated downwards in the 
aspiration cavity.  
From Fig. 7(b) at α =65°, the flow deviation re-
mains approximately the same for both the mass flows 
aspirated with aspiration from the hub endwall to 40% 
span. This indicates that aspiration is not very effective 
in controlling the hub corner separation at the endwall. 
When 1% of the massflow is aspirated the flow devia-
tion is increased all over the span compared to the 
baseline and is slightly reduced from 40% to 60% span 
when 2% of inlet massflow is aspirated. Although as-
piration is not effective in suppressing the hub corner 
separation it is marginally reduced as indicated by a 
slight reduction in the flow deviation at mid-span. In 
Fig. 7, δ represents the flow deviation angle and H is 
the blade height. 
 
 
Fig. 7  Span-wise profile of flow deviation at difference 
incidence angles. 
5.2. Analysis of flow topologies 
5.2.1. Smooth endwall, α =65° 
The flow topology is presented for the case of 
smooth endwall at α =65°. This particular case has 
strong flow separations on the hub wall as well as the 
blade suction surface. The distinguishing feature of 
this case is the separation of the wall shear line or the 
dividing streamline on the hub wall. The dividing 
streamline on the hub wall separates and spirals into a 
focal point of separation F1 similar to the focal point 
F3 on the suction surface. A visual examination of the 
skin friction lines in the Figs. 8(a)-8(c) can explain the 
flow separation in a few simple steps. In Fig. 8, SS and 
PS stand for suction surface and pressure surface re-
spectively.  
In Fig. 8(a), the saddle-node point pair N1-S1 repre-
sents the horseshoe vortex system in the leading edge 
region. Two dividing streamlines spring from the 
saddle point in the leading edge region. The suction 
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Fig. 8  Skin friction lines at different locations (α = 65°). 
surface leg of the dividing streamline on the hub wall 
spirals into a focal point F1. The pressure surface leg 
of the dividing streamline flows towards the trailing 
edge of the adjacent blade and then spirals into the 
focal point F1 on the hub wall indicating strong influ-
ence of the crossflow.  
These dividing streamlines may be called hub wall 
dividing streamlines of global separation with saddle 
point S1 as their origin and focus F1 as their point of 
termination in direct relation to Lighthill’s criteria of 
closed separation.  
The skin friction lines from the node N1 in the lead-
ing edge region intersect the corner between the blade 
blade and the hub wall at saddle point S4. S4 is seen as 
a semi-saddle point on the hub wall and on the blade 
suction surface, too (see Fig. 8(b)). As explained by 
Tobak, et al. [10], the convergence of these lines with 
their origin as another point other than the saddle point 
can be called local lines of separation.  
On the hub wall, the skin friction lines from the 
saddle point S4 form two separate local dividing 
streamlines: one spirals and terminates into the focal 
point F1; the other one spirals and terminates into the 
focal point F3 on the suction surface.  
The focal point F1 on the hub wall forms the base of 
the corner vortex and the vortex filament (vortex core) 
springing from it representing the radial motion of the 
vortex. 
The flow topology close to the trailing edge in 
Fig. 8(c) shows the strength of the trailing edge vortex 
F3 to be stronger in due to stronger flow separations. 
The 3D separations studied here clearly obey the crite-
ria of closed separation with the dividing streamlines 
originating from the saddle points and terminating at 
focal points (e.g. saddle-spiral node connections). 
The trajectory of the dividing streamlines from the 
saddle point and the converging skin friction lines 
from the node passing through the critical points can 
be described as follows: 
(1) On the hub wall: S1 to F1 (global line of separa-
tion) and N1 to S4 to F1 (local line of separation); 
(2) On the suction surface: N1 to S4 to F3 (local line 
of separation). 
Fig. 9 shows the streamlines in the volume domains 
around the vortex core. The corner vortex springing 
from F1 is seen to exhibit a radial and axial progres-
sion mounting in the flow path and reversing the flow 
on the suction side. It must be noted that the corner 
vortex is not responsible for the flow separation on the 
suction side but its influence is important to increase 
the extent of separation. The principal cause of losses 
in this case is the corner vortex limiting the diffusion 
capability of the blade, increasing the aerodynamic 
blockage in the flow path and consequently dictating a 
limit on the operating range of the blade row. The ex-
planation of the flow separation is further verified by 
the criteria of Surana, et al. [6-7] for the non-degeneracy 
of the critical points on the hub wall in Table 1. 
 
Fig. 9  Volume streamlines around vortex core (in black). 
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Table 1  Values of separation criterion obtained for    
critical points on hub wall at α =65° 
Critical point τp ∇·τp det(∇τp) 
N1 ~0 + >0 
S1 ~0 + <0 
S4 ~0 − <0 
F1 ~0 − >0 
F3 ~0 + >0 
S2 ~0 + <0 
S3 ~0 − <0 
 
The values in the vicinity of the absolute zero value 
are judged to qualify as separation/attachment points/ 
lines. It is not clear, at this moment, to determine if this 
is a limitation of our numerical modelling or if abso-
lute zero values in the skin friction fields are approxi-
mations of close to zero values of the friction field 
vectors. In any case, this approximation still seems to 
serve as a satisfactory indicator of separation/attach- 
ment on boundaries. Perhaps, a more refined model-
ling of the boundary layer with denser mesh and lower 
Reynolds number can bring out such details more 
clearly. 
From the above calculated values it is clear that only 
the saddle point S4 and the focal point F1 satisfy the 
conditions of non-degeneracy to be the points of sepa-
ration. The line connecting the saddle point S2 to the 
focal point F1 is the line of separation on the hub wall 
in the region of adverse pressure gradient. It is noted 
that all saddle points, including S4 exhibit negative 
values of det (∇τp). This violation may not qualify the 
saddle points to be rigorously non-degenerate. How-
ever, since this is observed for all the saddle points in 
the wall shear field, we may accept the wall shear and 
the divergence of wall shear to be satisfactory indica-
tors of non-degeneracy of critical points. We may thus 
say that our analysis is partially coherent with the con-
ditions of rigorous non-degeneracy as proposed by 
Surana, et al. [6-7]. 
We suspect that the mesh employed in these areas 
for the numerical simulation should have been denser 
in order to properly capture all the local flow struc-
tures. We may also think to use the verification of the 
conditions of rigorous non-degeneracy by the simula-
tion as indicators of the mesh quality. The flow to-
pologies associated with the case of hub aspiration at 
α = 63° and α = 65° are compared with the case of 
smooth endwall.  
5.2.2. Smooth endwall and hub aspiration, α = 63° 
Fig. 10(a) shows the flow topology for the case of 
smooth endwall at α = 63°, Fig. 10(b) shows the flow 
topology with hub aspiration, 
hub
0.01qC =  and Fig. 10(c) 
shows the flow topology with hub aspiration, 
hubqC =  
0.02. The analysis of flow topologies show a focal 
point F1 appearing on the hub wall when 1% of the 
inlet massflow is aspirated in Fig. 10(b). This is due to 
the recirculation of fluid between the cavity and the 
flow path and will be discussed immediately in the 
next section.  
Aspiration with 
hub
0.02qC =  (see Fig. 10(c)) com-
pletely suppresses the suction side separation and the 
entire flow path is free of critical points. There is 
however, a radial displacement of limiting streamlines 
from the cavity to the flow path after mid-chord indi-
cating decreasing effect of aspiration along the blade 
chord. Downstream of the aspiration slot, the fluid 
tends to accumulate in the corner from the secondary  
 
Fig. 10  Skin friction lines on blade and hub wall at α = 63°. 
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flow (passage vortex) as well as the recirculation of 
flow from the cavity. Together, they tend to form a 
single dividing streamline on the hub wall as they exit 
the blade passage. This leads to a local rise in the en-
tropy in the downstream region at the hub wall. 
In Fig. 11(a) and Fig. 11(b), the hub wall is not 
shown; only the suction side of the blade and of the 
aspiration cavity wall are shown with skin friction 
lines to give an insight into the vortex flow interaction. 
With suction coefficient 
hub
0.01qC = , the flow enters 
the aspiration cavity but it is not confined into it. It 
recirculates in the form of a vortex normal to the wall 
of the suction side and the wall of the aspiration cavity 
to introduce a 3D vortex circulating between the flow 
path and the cavity. 
 
Fig. 11  Skin friction lines on suction surface and aspiration 
cavity at α = 63°. 
This vortex is seen as focal point F3 on the suction 
surface and in the aspiration cavity. This forms a sys-
tem of vortices connecting and recirculating with each 
other in a complex way on two walls. The flow aspi-
rated in the aspiration cavity separates forming a lower 
part of vortex F3 that tends to propel out of the cavity 
in the flow path. The reason is that aspirating lower 
massflow (
hub
0.01qC = ) does not create enough de-
pression to hold the vortex inside the cavity or elimi-
nate it. The consequence is more critical for the flow 
path as it compromises the aspiration capability of the 
slot itself. 
A second important factor is the shape of the cavity 
itself. As the cavity is large enough the aspirated mass-
flow under the adverse pressure gradients is able to 
form a large recirculating vortex in the absence of 
geometric constraints (length constraints). Simply but, 
the magnitude of the recirculating vortex is dependent 
upon the volume of the cavity defined by its geometric 
parameters.  
As the cavity is not wide enough in the circumferen-
tial direction, the recirculation vortices, although pre-
sent, do not have a major contribution to the total pres-
sure loss generation due to their limited strength at the 
design point. In fact, there might still be a gain in 
terms of total pressure losses. However, under the in-
fluence of increasing adverse pressure gradients with 
increasing incidence the corner separation is likely to 
become more intense and so is the recirculation (if not 
controlled). This might indicate a risk of compromis-
ing the efficiency of aspiration strategy as a whole. 
The recirculation might interact and increase the inten-
sity of the corner vortex on the hub wall or vice versa. 
Such an interaction happens in the case of very strong 
flow separation and will be observed later for the case 
of α = 65°.  
On the contrary, with hub aspiration, 
hub
0.02qC = , 
the vortex of separation inside the aspiration cavity F3 
is well confined within the cavity and does not propel 
into the flow path. The flow path is clear of critical 
points and hence aspiration can be determined to have 
successfully suppressed the separation. 
5.2.3. Smooth endwall and hub aspiration, α =65° 
The flow topologies for the smooth endwall and the 
hub aspiration cases at the highest loss point are strik-
ingly similar. Fully developed corner separation is 
evident in all the cases, as it is not controlled by hub 
aspiration (see Fig. 12(a)).  
With hub aspiration (see Fig. 12(b)), 
hub
0.01qC = , 
the focus of corner separation on the hub F1 is found 
to be stronger whereas F3 on the suction surface is 
displaced closer to the corner region as compared to 
the baseline case with smooth endwall. The radial 
leakage of fluid from the cavity intensifies the vortex 
F1 on the hub wall and it is found to mount in the flow 
path and actually connect with F3. The same phe-
nomenon is observed in the case of hub aspiration, 
hub
0.02qC =  and is illustrated in Fig. 12(c).  
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Fig. 12  Skin friction lines on blade and hub wall at α = 65°. 
It is noted that a common vortex core connects the 
vortices F1 and F3, only in the case of hub aspiration 
(see Fig. 13). The vortex core of F1 mounts radially in 
the flow path and is carried downstream by the flow 
leaving the blade channel. A question now arises, “is 
there only one principal flow separation on the hub 
wall and the suction surface, so that the suction surface 
separation is simply the extension of corner separation 
on the hub wall”. It may seem so. However, a more 
probable explanation for this complex phenomenon 
may be that both the separation phenomena on hub wall 
 
Fig. 13  Vortex core connecting vortices F1 (hub wall)   
and F3 (suction surface), hub aspiration, 
hubqC =  
0.02 at α = 65°. 
and suction surface represented by F1 and F3 respec-
tively are brought closer to each other in the corner 
region due to the depression in the cavity, giving them 
a tendency to merge.  
The displacement of vortices F1 and F3 towards the 
corner region under the influence of aspiration indi-
cates that if the depression can be increased in the cav-
ity by increasing the quantity of aspirated massflow, it 
may just get strong enough to pull both F1 and F3 
closer to each other, join them into a unified vortex, 
aspirate and confine this unified vortex into the cavity 
clearing the corner region and the flow path of the 
critical points. A parametric study to control the corner 
separation at the highest loss point with increase in 
aspirated massflow has been performed and will be 
discussed in the next section.  
We can also observe that for this high incidence, the 
upstream part of the slot does not aspirate the saddle 
point S4, so that the efficiency of the control is proba-
bly smaller for this reason. Compare with α = 63° 
where S4 has been aspirated in the slot for 
hubqC =  
0.02. The recirculation of flow between the aspiration 
cavity and the flow path for the highest loss point with 
hub aspiration, 
hub
0.02qC =  is presented in Fig. 14. 
 
Fig. 14  Skin friction lines on wall of aspiration cavity and 
suction surface, hub aspiration, 
hub
0.02qC =  at 
α = 65°. 
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Most of the flow entering the aspiration cavity is 
propelled radially into the flow path rendering aspira-
tion ineffective in this case. There is no trace of an 
independent vortex in the cavity indicating that F3 is a 
single strong vortex recirculating between the flow 
path and the cavity.  
6. Conclusions 
Boundary layer aspiration is capable of improving 
the aerodynamic performance of the stator blade row 
by increasing the pressure ratio and control of flow 
separation. Aspiration is particularly sensitive to the 
suction flow rate; lower suction rate degrades the per-
formance by encouraging highly complex 3D flows 
related to recirculation of flow between the aspiration 
cavity and the blade passage whereas higher suction 
rate is able to suppress flow separation over most of 
the inlet incidences.  
The 3D flows are analysed by the study of flow to-
pologies without and with hub aspiration. The flow 
separations on the hub wall and suction surface are 
classified to be closed separations with saddle point S4 
as the origin and focal points F1 and F3 as points of 
termination of the separation lines. The identification 
of critical points related to flow separation and separa-
tion lines connecting these critical points serve as in-
dicators to apply flow control methods on the wall. 
The present aspiration strategy is applied by the study 
of such patterns and has provided appreciable levels of 
improvement in blade performance.  
We recommend undertaking the study of evaluating 
the technological complexity associated with integrat-
ing boundary layer aspiration in real engine environ-
ment. Parameters such as ease of implementation, 
added weight of ventilation systems and the reutilisa-
tion of aspirated massflow for other engine systems 
have to be studied in light of the effects of aspiration 
on global performance of gas turbine. It would be cru-
cial to achieve lower pressure drops in the aspiration 
cavities and the internal air flow systems of the en-
gine.  
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